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Abstract—This paper presents a comparative electromagnetic
analysis of spoke-type and surface-mounted permanent-magnet
synchronous machines (PMSMs) for low-power, low-speed, high-
torque applications. All configurations use an identical stator
with double three-phase windings, while rotor topology is varied
to evaluate the effects of magnet placement and flux concen-
tration. The study assesses whether a spoke-type rotor with
low-cost ferrite magnets can achieve air-gap flux density and
torque performance comparable to a rare-earth surface-mounted
PMSM. Finite-element analysis in Ansys is performed for three
machine variants to compare electromagnetic characteristics,
torque response, back-EMF, and harmonic distortion under
nominal conditions. Results confirm the feasibility of ferrite-
based spoke designs as a cost-effective alternative for high-torque,
low-speed drives.

Index Terms—PMSM, spoke-type rotor, ferrite magnet, torque.

I. INTRODUCTION

Permanent-magnet synchronous machines (PMSMs) are
widely used in electric vehicles, renewable-energy systems,
robotics, and industrial automation due to their high efficiency,
torque density, and dynamic response [1]. However, modern
PMSM performance relies heavily on rare-earth NdFeB mag-
nets, whose cost and availability are influenced by market
volatility and supply risks [2]. This has driven growing interest
in rare-earth-lean and rare-earth-free motor technologies.

Ferrite-based spoke-type PMSMs have emerged as a
promising alternative by exploiting flux-concentration mech-
anisms to compensate for the lower remanence of ferrite
magnets [3], [4]. Related approaches, including permanent-
magnet-assisted synchronous reluctance machines and hybrid-
excited machines, also demonstrate that competitive torque
density can be achieved with reduced rare-earth content [5],
[6]. Ferrite magnets additionally offer low cost and high
thermal stability, making them attractive for automotive and
industrial applications [7].

Despite these advances, key gaps remain. Many studies
focus on surface-mounted or V-shaped ferrite rotors that do
not fully utilize flux concentration, and evaluations are often
limited to single operating points or incomplete performance
metrics [3], [4]. Furthermore, systematic comparisons of
spoke-type ferrite PMSMs with different pole numbers on a
common stator platform are still scarce.

To address these gaps, this paper investigates whether a
ferrite-based spoke-type PMSM can achieve competitive elec-
tromagnetic performance compared with a rare-earth surface-
mounted PMSM using an identical stator and operating condi-
tions. Finite-element simulations are used to evaluate torque,
back-EMF, torque ripple, total harmonic distortion, and tran-
sient behavior, providing insight into the feasibility of spoke-
type ferrite machines for high-torque, low-speed applications.

II. GEOMETRIC DESIGN AND DEFINITION

The machine dimensions are determined using the standard
electromagnetic power equation

Pout = GD2
gLstk rps, (1)

where G is the output coefficient, Dg is the stator inner diam-
eter, Lstk is the stack length, and rps is the mechanical speed.
For fixed power and speed, the dimensional product D2

gLstk
remains constant, defining a trade-off between diameter and
axial length.

The output coefficient is given by

G =
1.11π2kwBgacηd cosβ

γemf
, (2)

and the aspect ratio

ar =
Lstk

Dg
(3)

is used as a key design metric influencing torque capability,
flux concentration, and thermal performance. A parametric
sweep of Dg and Lstk (Fig. 1) shows that ferrite machines
require a larger active volume to achieve the same air-gap flux
density due to their lower remanence. Based on this analysis,
Dg = 190 mm and Lstk = 80 mm are selected, yielding
an average air-gap flux density of Bg ≈ 0.44 T while pre-
serving mechanical robustness. The three benchmark machines
considered in this study—a surface-mounted NdFeB PMSM
(S–Nd), a 20-pole ferrite spoke PMSM (Sp–F20), and a 10-
pole ferrite spoke PMSM (Sp–F10)—share an identical stator
geometry and operating conditions, as summarized in Table I.
The spoke-type rotor topology is adopted from [8], where a
dedicated flux-barrier configuration was proposed to enhance
flux concentration. Their corresponding 3D geometries are
shown in Fig. 2.
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Fig. 1: Air-gap flux density Bg versus stator inner diameter
Dg and stack length Lstk.

(a) Surf 20 (b) Spoke 20

Fig. 2: 3D models of the PMSM topologies studied.

A. Torque Model and Magnetization Linkage

The electromagnetic torque in the dq reference frame is
expressed as

Te =
3

2
p(λdiq − λqid), (4)

where p is the number of pole pairs. For surface-mounted
machines (Ld ≈ Lq), torque is dominated by the magnet flux
linkage

Te =
3

2
pλmiq, λm = λd

∣∣
id=0

. (5)

Using the design values p = 10, iq = 4.24 A, and
λm = 0.72 Wb, the predicted electromagnetic torque is
approximately 45.8 N ·m.

B. Material Selection

The magnetic material properties employed in the simu-
lations are summarized in Table II. NdFeB magnets exhibit
significantly higher remanence and energy product, enabling
superior torque density; however, their high cost and supply-
chain dependency motivate the exploration of rare-earth-free
alternatives [9].

Ferrite magnets offer low cost, high thermal stability, and
corrosion resistance [10]. Although their intrinsic magnetic
properties are inferior to NdFeB, the use of flux-concentrating
rotor topologies such as spoke-type and flux-barrier designs
can substantially enhance air-gap flux density and improve

TABLE I: PMSM Benchmark Configurations
Parameter S-Nd Sp-F20 Sp-F10
Rotor type Surface Spoke Spoke
Magnet type NdFeB Ferrite Ferrite
Poles 20 20 10
Dout (mm) 190 190 190
Stack length (mm) 80 80 80
Speed (rpm) 200 200 200
Slots 24 24 24

demagnetization robustness, making ferrite-based machines
viable candidates for traction applications [11].

TABLE II: Magnetic Material Properties Used in Analysis
Property NdFeB (N35) Ferrite (Y30)
Remanence Br (T) 1.23 0.40
Coercivity Hc (kA/m) 890 250
Recoil permeability µr 1.05 1.10
Max. energy product (BH)max (kJ/m3) 280 32
Density (g/cm3) 7.5 5.0
Approx. cost (USD/kg) 80–100 2–5

III. FEA MODELING ASSUMPTIONS

A. Materials and Magnetic Models

Electrical steels: Nonlinear B–H curves from manufacturer
data are used to model the stator and rotor cores. Iron losses
are included via frequency-dependent Steinmetz coefficients,
accounting for both hysteresis and eddy-current effects.

Magnets: NdFeB and ferrite magnets are modeled using
their recoil (demagnetization) characteristics, expressed as

B = µ0(H+M), M = Mr + χH,

where M (A/m) is the magnetization and χ the differential
susceptibility. Temperature coefficients for Br(T ) and Hc(T )
capture thermal degradation, and demagnetization safety is
verified by ensuring

H · m̂ > −Hc,irr.

B. Winding, Current Loading, and Operating Points

The per-phase flux linkage is

ψm = kwNϕ1, ϕ1 ≈ B̄gApole,

with kw the winding factor and B̄g the average air-gap flux
density. Surface machines exhibit negligible saliency, whereas
spoke-type ferrite rotors show pronounced d/q inductance
asymmetry due to their flux-barrier geometry. All machines
are evaluated under identical current density and thermal
limits. Flux-weakening is achieved by applying negative id
to maintain DC-bus voltage compliance at higher speeds.

C. Pole Number and Magnet Geometry Coupling

The mechanical pole pitch τp = πDr/p (with rotor diameter
Dr and pole pairs p) sets the available magnet arc length. For
equivalent fundamental B̄g , ferrite spoke designs exploit (i)
larger magnet area and (ii) flux-concentration ratio γ:

ΦNd ≃ λBNd
r ANd

m ≈ λcB
Fe
r AFe

mγ = ΦFe, (6)
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with leakage factors λ, λc, magnet area per pole Am, and γ >
1 from spoke flux guidance. The 10-pole machine (larger τp)
admits longer magnets than the 20-pole case, easing ferrite
substitution.

D. Meshing and Solver Settings

A 2-D transient magnetic FEA is performed with adaptive
mesh refinement in: (i) air gap, (ii) stator tooth tips, (iii) rotor
bridges, and (iv) magnet edges. Target element size in the
air gap is set to resolve at least 20–30 elements per electrical
wavelength of the fundamental. Time stepping resolves at least
Nt≥360/∆θe steps per electrical cycle (typ. ∆θe≤2◦). End
effects are accounted for via effective stack-length factor or
2.5D correction.

E. Boundary Conditions and Symmetry

Periodic (anti-)symmetry boundary conditions are applied
over 360◦/P sectors. The outer stator boundary is set to
magnetic insulation (Dirichlet Az = 0) or infinite-element
shell. Slot currents are imposed as sinusoidal dq equivalents or
coil-lumped excitations with phase shift 120◦ (or multi-phase
if applicable).

IV. FEA RESULTS

A. No-Load Back-EMF and Harmonic Content

The no-load back-EMF waveform serves as a key indica-
tor of a PMSM’s electromagnetic quality and flux linkage
accuracy. The phase back-EMF ea(t) and its fundamental
amplitude E1 are used to validate the analytical prediction
of flux linkages in the air gap. The RMS back-EMF per phase
is given by

Eph,rms =
E1√
2
=
ωeψm√

2
, (7)

where ωe and ωm denote the electrical and mechanical angular
speeds, respectively, and ψm is the flux linkage per phase.
Fig. 3 compares the no-load line-to-line back-EMF of the
three machines. The surface-mounted NdFeB PMSM produces
the most sinusoidal waveform with the highest amplitude,
while the 20-pole ferrite spoke design shows slightly increased
magnitude with mild distortion due to flux concentration.
The 10-pole spoke machine exhibits lower EMF amplitude,
consistent with its reduced electrical frequency, yet maintains
acceptable waveform quality.

Harmonic Analysis: The harmonic content of the back-EMF
is evaluated using the total harmonic distortion (THD),

THD =

√∑
n=3,5,...E

2
n

E1
× 100%, (8)

where En denotes the nth harmonic component. Fig. 4
presents the harmonic amplitude spectra of the three machines.

The Surf20 machine exhibits a dominant fundamental com-
ponent and minimal harmonic content, while the S20 configu-
ration shows slightly elevated low-order harmonics (primarily
3rd and 5th), characteristic of flux-concentrating rotors. The
S10 machine presents the lowest overall harmonic magnitudes,

attributed to its pole-slot combination and reduced electri-
cal frequency. Correspondingly, the THD values are 2.90%
(Surf20), 3.26% (S20), and 1.55% (S10).

The phase spectra in Fig. 5 indicate that Surf20 maintains
more uniform harmonic phase alignment, whereas the spoke-
type machines exhibit greater dispersion. Nevertheless, the
overall waveform quality of all designs remains suitable for
vector-controlled operation.

B. Torque Analysis

Reluctance Torque Fig. 6 shows the reluctance torque con-
tributions. As expected, the surface-mounted NdFeB machine
exhibits a negligible reluctance torque component, confirm-
ing its non-salient structure. The spoke-type ferrite machines
generate a clear reluctance torque due to rotor saliency and
flux-barrier geometry. The 20–pole spoke design achieves a
higher reluctance torque level (≈ 2.9 Nm) compared to the
10–pole variant (≈ 1.2 Nm).

dq Torque Fig. 7 illustrates the dq torque waveform. The
surface NdFeB machine generates approximately 44.5 Nm
average dq torque, while the 20–pole ferrite spoke topology
achieves a comparable value of 49.5 Nm due to flux–focusing
effects. The 10–pole ferrite design produces a lower torque
level (≈ 31.3 Nm) consistent with reduced flux utilization.
Minimal ripple is observed in the surface machine, whereas
the spoke ferrite machines exhibit higher torque ripple due to
saliency–induced harmonics.

The total torque comparison in Fig. 8 confirms the expected
performance ranking:

T20p-Nd ≈ 44.5 Nm < T20p-F ≈ 49.5 Nm > T10p-F ≈ 31.3 Nm.

The 20–pole ferrite spoke machine achieves the highest av-
erage torque among the three designs, demonstrating the
effectiveness of flux–focusing. The surface machine maintains
extremely low ripple (< 0.15%), while the spoke ferrite de-
signs show higher ripple levels (≈ 5.9% and 7.4%), consistent
with increased saliency.

C. Dynamic Performance Evaluation

Fig. 9 shows the torque–speed characteristics of the three
PMSM topologies under rated current with field weaken-
ing enabled. All machines exhibit the classical two-region
PMSM behavior: a constant-torque region followed by a
field-weakening region where torque decreases due to voltage
limitations.

The S20 machine (Fe, 20P) delivers the highest constant
torque (about 49.5 N·m) up to roughly 225 rpm, after which
torque declines rapidly due to its higher back-EMF and
increased q-axis inductance, which reduce the voltage margin.
By approximately 245 rpm, the torque falls below 30 N·m,
indicating an early onset of field weakening.

The Surf20 machine (Nd, 20P) produces around 44.5 N·m
up to about 240 rpm, after which torque also decreases sharply.
This behavior reflects its lower back-EMF compared to S20,
although the field-weakening range remains relatively narrow.
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(a) Surface PMSM (20 poles) (b) Spoke PMSM (20 poles) (c) Spoke PMSM (10 poles)

Fig. 3: Line-to-line back-EMF waveforms at rated speed for the three PMSM designs.

Fig. 4: Back-EMF harmonic amplitude comparison for the
Surf20, S20, and S10 machines.

Fig. 5: Back-EMF harmonic phase comparison for the Surf20,
S20, and S10 machines.

The S10 machine (Fe, 10P) generates a lower constant
torque of approximately 31.5 N·m but sustains this level up
to around 295 rpm. Torque then decreases more gradually,
reaching zero near 340 rpm, due to its reduced magnet flux
and delayed voltage saturation.

Overall, the S20 topology offers the highest torque density
with a limited speed range, Surf20 provides a balanced com-

Fig. 6: Reluctance torque comparison of the three machines.

Fig. 7: dq torque comparison of the three machines.

promise, and S10 achieves the widest speed range, making it
suitable for extended constant-power operation.

Fig. 10 presents the corresponding power–speed character-
istics, where all machines reach similar peak power near base
speed, confirming consistent sizing.

The ferrite-based spoke machines (S20 and S10) achieve
power levels comparable to the NdFeB-based Surf20, demon-
strating the feasibility of rare-earth-free designs. While S10
exhibits lower power at low speed due to reduced torque, this
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Fig. 8: Total torque comparison of the three machines.

Fig. 9: Torque–speed characteristics of the three PMSM
topologies under rated current operation.

Fig. 10: Power–speed characteristics of the three machines
under rated current with field weakening.

is offset by superior high-speed capability enabled by its lower
flux linkage.

V. CONCLUSION

This study presented a comparative analysis of ferrite-based
spoke-type PMSMs and a surface-mounted NdFeB PMSM

using an identical stator platform. The 20-pole ferrite spoke
machine demonstrated higher torque than the surface-mounted
machine, confirming that flux-concentrating rotor architec-
tures can effectively compensate for the lower remanence
of ferrite magnets. The spoke-type designs exhibited slightly
higher torque ripple and harmonic content, but the waveforms
remained suitable for vector-controlled operation. Overall,
the results indicate that ferrite-based spoke-type PMSMs can
achieve competitive electromagnetic performance while sub-
stantially reducing magnet cost, making them a promising rare-
earth-free alternative for low-speed, high-torque applications.
Future work may explore further optimization of rotor geom-
etry and pole count to enhance torque density and efficiency.
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